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Abstract:
Biomass is one of the most desired parameters for applications like climate mod-
elling, resource assessment or wood industry. By using allometry equations (82) it
is possible to obtain biomass information from canopy height. Some studies have
demonstrated that current interferometric techniques applied to airborne Synthetic
Aperture Radar (SAR) images can provide fairly accurate estimates of tree height
(45, 52, 53, 54). Space based interferometric methods can provide global estimates
of canopy height but they require very accurate orbit information. In this work
the ability of the recently launched SAR satellites TerraSAR-X and TanDEM-X to
estimate canopy height is evaluated.
To do this, a complete interferometric processing chain is created including SAR data
reading into memory, complex interferogram calculation, interferogram flattening
by flat Earth approximation and image transformation to geographical coordinates.
Finally the resulting phase height maps are compared with a digital elevation model
and a canopy height model of the terrain under study as well as with X-band E-SAR
data from the FINSAR campaign (52, 53, 54) of the same area.
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Chapter 1
Introduction
The need of reliable all-weather monitoring of Earth has driven the development of
advanced Synthetic Aperture Radar (SAR) remote sensing techniques. SAR is a variant
of radar in which a very long antenna is synthesized using a transported small antenna
and signal processing, thereby allowing fine resolution with longer wavelengths. The
antenna is usually mounted on an aircraft or a spacecraft from which a target scene is
illuminated and the amplitudes and phases of the echoes recorded in a signal history.
SAR operates usually in the microwave region of the electromagnetic (EM) spectrum so
it is barely affected by cloud cover and atmospheric attenuation. Furthermore SAR is an
active sensor, that is, it transmits a signal and measures or records the response returned
from the target. That means SAR is independent of solar illumination conditions and
capable of collecting data night and day (26).
Good resolution, weather independence and 24 hour operation (spaceborne) make
SAR a very valuable tool for the operative monitoring and scientific study of the Earth.
It is used in several applications such as observation of ocean currents (18), monitoring
of sea ice (7), estimation of forest biomass (45) or to study seismic deformations (44)
and volcanic activities (43).
This work studies possibilities to retrieve forest height estimates from spaceborne
X-band radar measurements by means of SAR interferometry (InSAR). Height infor-
mation can be related to forest biomass by using allometry equations (82) and biomass
is one of most desired parameters for applications like climate modelling, resource as-
sessment and wood industry. It has been demonstrated that current interferometric
techniques applied to airborne SAR images can provide fairly accurate estimates of
1
1.1 Structure of the report
tree height (52, 53, 54). However, it is not clear if those methods are equally appro-
priate for measuring canopy height from space with the latest satellites equipped with
SAR.
In this work the ability of the SAR satellites TerraSAR-X and TanDEM-X to esti-
mate tree height is evaluated and compared with the results of the FINSAR campaign
(52, 53, 54).
1.1 Structure of the report
This report is divided into 5 chapters. It starts with this introductory chapter where
a short overview of SAR history, an introduction to forest biomass measurement with
SAR and the thesis objective are presented.
In the second chapter the theory involving basic electromagnetics, SAR, InSAR,
SAR Polarimetry (PolSAR) and Polarimetric SAR Interferometry (Pol-InSAR) is ex-
posed.
The third chapter presents the material used for the development of this thesis
which includes the study area in southern Finland, the data and the instruments.
In the fourth chapter are detailed the processing steps carried out for data analysis,
paying particular attention to the processing of TanDEM-X mission data.
In the fifth chapter, the canopy height information obtained from TanDEM-X data
is compared with the results of the FINSAR campaign and with an accurate Digital
Elevation Model (DEM) of the terrain and the results are discussed.
In the last chapter a conclusion for the project is presented.
1.2 Brief history of SAR
SAR was firstly developed in the 1950s as a military reconnaissance tool. It emerged
as a solution to the United States Army’s need for an aerial remote surveillance device
that could work regardless of Sun light and in all kind of weather conditions. Radar
seemed the logical choice because its ability to penetrate clouds and its non-dependence
of available light. However, for achieving high enough resolutions the radar antenna had
to be far too big for an aircraft to carry. The problem was solved by the introduction
of the synthetic aperture.
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The concept of synthetic aperture was developed in the United States in 1951 by
Carl Wiley (41), from the Goodyear Aircraft Corporation. Wiley noticed that each
object in a scene illuminated by radar has a different relative speed to the antenna and
as a result, each signal reflected in a different object has its own Doppler shift. He
concluded that analysing the frequency of the reflections, fine resolution images can be
obtained (79).
After this finding, Goodyear Aircraft continued research in SAR technology and
introduced several advancements during the 1950s and the 1960s (14). However they
were not the only ones developing SAR. In 1952, researchers at the University of Illinois
started to work independently on SAR technology and developed the concept of beam-
sharpening. They demonstrated it experimentally using airborne X-band pulsed radar
and generating the first strip-map image (62). In 1953, the University of Michigan
started to work on another SAR project called project Michigan that laid the founda-
tions for practical SAR (4, 5, 6). They proposed to consider not just the short-term
existence of several particular Doppler shifts but the entire history. The processing
demands to carry out that exceeded the limits of the analog processors of the day. The
problem was solved by optical processing of the data and in 1957 the group produced
the first SAR imagery. The interest on SAR grew and other institutions also started
to explore this technology.
In 1974, engineers from the Jet Propulsion Laboratory (JPL) of the National Aero-
nautics and Space Administration (NASA) formed an alliance with international sci-
entists of the National Oceanic and Atmospheric Administration (NOAA) in order to
explore the possibilities of space-based SAR for ocean observation. SAR can collect
data independently of sun light and weather conditions and it is sensitive to small
surface roughness changes due to its operating wavelengths. This makes it very suit-
able for obtaining ocean information such as surface waves, internal waves, currents,
sea ice or wind. NASA/NOAA efforts culminated in June of 1978 with the launch of
the SEASAT (32) satellite. SEASAT was the first spaceborne SAR and provided a
powerful new tool for studying the Earth. It operated until October of 1978, when it
experienced a massive short circuit in the power system.
Despite the progress made with the SEASAT, it was not until the 1990s when there
was a real expansion of SAR space missions. In 1990, NASA started a mission for
mapping the surface of Venus using SAR on board of the Magellan spacecraft (60).
3
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The mission lasted 4 years and meant the first interplanetary utilization of SAR. On
the other hand, five SAR satellites were placed in orbit for earth observation. These
satellites were Soviet ALMAZ (35) (1991) , Japanese JERS-1 (46) (1992) , European
ERS-1 (11) (1991) and ERS-2 (12) (1995) and Canadian RADARSAT-1 (56) (1995).
Nowadays, SAR is a consolidated and valuable tool for remote sensing and many
scientific satellites such as ESA’s ENVISAT (10) or German Aerospace Center (DLR)
TerraSAR-X (TSX) (73) and TanDEM-X(TDX) (22) are equipped with it. Capable of
working with a wide range of resolutions and independently of solar light and weather
conditions, SAR is used for numerous applications ranging from topographic mapping
to environmental and climate monitoring.
1.3 Forest biomass measurement with SAR
Before space platforms could provide the well-defined orbits and short baselines nec-
essary for InSAR (see section 2.4), forest biomass was related to the intensity of SAR
backscattering (28, 33, 55). This relation is especially strong for longer wavelengths
and can provide some information about the biomass. The launch along the 1990s of
ERS-1 (1991), JERS-1 (1992), RADARSAT-1 and ERS-2 (1995) allowed interferomet-
ric techniques to start providing accurate forest height measurements and , accordingly,
more accurate biomass estimates (16, 27, 29, 31, 72).
Most of SAR based forest height retrieval techniques rely on model-based InSAR
analysis. Traditional coherent forward models (38, 39, 40, 65, 66, 80) provide a good
insight into the expected behaviour of the forest canopies but they require numerous
input parameters. Common methods use several independent observations through
multi-polarization, multi-frequency, multi-incidence angle, and multi-baseline acquisi-
tions (69, 70), as well as supplementary topographic information. Other options use
simpler models for data interpretation. For instance, inversion of Pol-InSAR data using
the Random Volume over Ground (RVoG) model (3, 49, 50, 68, 71) provides reliable
estimates of the forest height. In theory this model is applicable only to Pol-InSAR
data but results from the FINSAR campaign (52, 53, 54) showed that X-band single
polarization interferometric coherence can be successfully used to retrieve forest height
under certain conditions.
4
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1.4 Objective
The objective of this work is to evaluate spaceborne TSX and TDX satellites capability
to map forest height applying interferometric techniques. In order to do that, forest
scattering center location in TanDEM-X interferometric images is studied and com-
pared with the results achieved in works with E-SAR airborne SAR data (52, 53, 54).
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Theoretical background
In this chapter, the theoretical background of this thesis is presented. It covers some
basic electromagnetic theory and the fundamentals of Synthetic Aperture Radar. The
review is mostly based on the books (9) and (26).
2.1 Overview of EM waves
This section provides a brief look at the theory of EM waves formulated by the Scot-
tish physicist James Clerk Maxwell in 1873. In addition it states the most important
parameters concerning EM waves that are of interest for SAR remote sensing.
2.1.1 Electromagnetic waves
An EM wave is a form of energy emitted and absorbed by charged particles which
propagates in wave form through vacuum or through some medium characterized by
certain physical constants. Electromagnetic waves are formed by an electric field vector
~E and a magnetic field vector ~H perpendiculars to each other and to the propagation
direction ~r (Figure 2.1). As it is common, the discussion will be in terms of the electric
field ~E but everything can be applied in the same way to the magnetic field.
The sinusoidal solution to the electric wave equation travelling in ~r direction in a
lossy and homogeneous medium takes the form
E(r, t) = E0e
−αr cos(ωt− βr) (2.1)
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where E0 is the amplitude, ω0 is the radian frequency, β is the phase constant and α
is the attenuation constant.
Figure 2.1: EM wave. Adapted from the image available at (78).
2.1.2 Material constants
There are two main parameters of a material that describe its interaction with EM
waves: the magnetic permeability µ and the complex electric permittivity c. The
permeability is the same for all materials of interest in SAR applications as in vacuum
and its value is µ = µ0 = 4pi · 10−7H/m (SI units). The complex permittivity gives the
main information about how the medium responds to the presence of an electric field
and is defined as
c = − j σ
ω0
= ′ − j′′ = 0(′r − j′′r) (2.2)
where  is the absolute permittivity of the material (units of F/m), σ is the conductivity
of the material (units of ohms, Ω) and ′ and ′′ are the real and the imaginary parts
respectively of c. It is usual to represent c as a function of the permittivity of vacuum
0 = 8, 85 · 10−12F/m and a dimensionless constant known as relative permittivity r.
Relative permittivity has also a real ′r and an imaginary ′′r part.
The losses of the material are given by the imaginary part of c and are usually
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represented in terms of the loss tangent
tan(δ) =
′′
′
=
′′r
′r
=
σ
ω0
(2.3)
If tan(δ) 1 the material is considered a good conductor and if tan(δ) 1 the material
is considered a good dielectric.
2.1.3 Frequency/wavelength
In a sinusoidal wave, wavelength is the distance between two consecutive points with the
same phase (vibrational status) (Figure 2.1) and frequency is the number of oscillations
per seconds. They are interrelated as
λ = c/f (2.4)
where c is the phase velocity in the medium c = 1/
√
µ that in vacuum and in air is
c = c0 = 3 · 108m/s (speed of light). It is common to denote the wavelength by the
wave number
k =
2pi
λ
(2.5)
2.1.4 Attenuation and penetration depth
The attenuation coefficient of a material can be expressed as
α = k
√
1
2
√
(1 + (tan2(δ))− 1) (2.6)
and gives information about how rapidly an EM wave is attenuated in the medium.
On the other hand the penetration depth is defined as
δ =
1
α
(2.7)
and tells how deep an incident EM wave penetrates into the medium.
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2.1.5 Polarization
The polarization of an EM wave is determined by the geometric figure described by the
end of the electric field vector at a given point in space during one oscillation period.
If the described figure is a straight line the wave is linearly polarized, if it is a circle
then the wave is circularly polarized and if it is an ellipse then the wave is elliptically
polarized (Figure 2.2). For circular and elliptical polarizations it is also defined the
concept of handedness which indicates the sense of rotation of the electric field vector
of a wave travelling away from the observer. If the rotation is clockwise the wave is
right-handed and if the rotation is anticlockwise the wave is left-handed.
Figure 2.2: Polarization types. Diagrams of linear (a), circular (b) and elliptical (c)
polarizations. Images from (74, 75, 76).
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2.2 SAR
This section presents a theoretical description of SAR basic operating principles, ge-
ometry, variables and processing. It also discusses the main parameters of targets
concerning SAR imaging.
2.2.1 Overview of SAR systems
A typical SAR system consists of a radar mounted on an airborne or a spaceborne
platform and a signal processor. The radar antenna is pointed perpendicular to the
motion vector of the moving platform and transmits pulses of radio waves or microwaves
which are scattered by any object in their path. The object reflects back a tiny fraction
of the incident field and this is measured by the receiving antenna, which is usually
placed at the same site as the transmitter. In the receiver the signal is filtered, amplified
and recorded coherently, that is, amplitude and phase as a function of time. A scheme
of a typical SAR system is represented in Figure 2.3.
Figure 2.3: Essential elements of a typical SAR system.
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The task of the processor is to convert the stored data into a two-dimensional (2D)
image in which the brightness of each pixel represents the intensity of the reflected
signal. One dimension of the image is called range and is a measure of the line-of-sight
distance from the radar to the target. Range is determined by precisely measuring the
time between the transmission of the pulse and the reception of the echo from a target.
The other dimension is called azimuth and is a measure of the along track distance from
the radar to the target. Azimuth distances are obtained by a Doppler approach. The
ability of SAR to produce fine azimuth resolution differentiates it from other imaging
radars. In Figure 2.4 an exemplary SAR image is shown.
Figure 2.4: TDX SAR image of southern Finland.
2.2.2 Concept of synthetic aperture
Obtaining fine azimuth resolution requires a physically large antenna to focus the trans-
mitted and received energy into a narrow beam. The need for a large antenna is often
referred as the need for a large aperture in allusion to optical systems in which large
apertures (lenses or mirrors which are analogous to the radar antenna) are required to
obtain fine resolution.
SAR produces fine resolution images by simulating a very long antenna, more specif-
ically a very long one-dimensional phased array of antennas. The main difference be-
tween a phased array and SAR is that in a phased array several antennas receive at
the same time while in SAR a single physical antenna gathers signals at different posi-
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tions and at different times, taking advantage of the fact that the target is essentially
stationary during the acquisition time. This is called synthetic aperture (Figure 2.5).
Figure 2.5: Geometry showing the formation of a synthetic array by moving a
single antenna along a track.
Since SAR is a coherent system mounted on a moving platform with a side-looking
antenna, the received signals have an appreciable frequency shift due to the Doppler
effect. This frequency shift is positive when the target enters the beam, it decreases
down to zero, and then it becomes increasingly negative while the target is exiting the
beam (Figure 2.6). The spectrum of the echo covers the region f0±fD, where f0 is the
frequency of the transmitted signal and fD is the Doppler frequency shift. The range
within the received signals frequency may vary is known as the Doppler spectrum of
the system and its bandwidth is BD = 2fD. The Doppler frequency shift is given by
fD =
2v
λ
sin(
θ
2
) ≈ vθ
λ
(2.8)
where v is the relative velocity along the radar line-of-sight, λ is the radar wavelength
and θ is the angular location of the target (within the antenna beam) with respect to
the zero-Doppler plane. The zero-Doppler plane is defined as the plane orthogonal to
the velocity vector of the vehicle transporting the radar.
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Figure 2.6: Doppler history of a point target as the sensor passes by. Image
from (9).
The distance along the flight track during which a scatterer is illuminated is defined
as the length of the synthetic aperture LSA (see Figure 2.5).
2.2.3 SAR parameters
In this section the main parameters concerning SAR and its influence in the appearance
of the produced imagery are discussed.
2.2.3.1 Incident, look and depression angles
The incident angle θ is defined as the angle between the radar line of sight and the local
vertical with respect to the Earth surface. This parameter affects the appearance of the
objects in the produced images and also the intensity of the received backscatter, which
generally decreases with bigger incident angles. On the other hand, the look angle Φ is
the angle between the vertical of the antenna to the ground and the transmitted ray at
the point of incidence. Finally, the depression angle β is defined as the angle between
the horizontal line of the antenna and the transmitted ray at the point of incidence.
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Notice that the main difference between these angles is that look and depression angles
does not account for the effects of Earth curvature. In Figure 2.7 are shown these and
other angles usually defined in SAR geometry.
Figure 2.7: Main angles defined for SAR systems. Image from (26).
2.2.3.2 Frequency/wavelength
SAR systems usually operate in a single frequency/wavelength mode within the range
of microwaves. The main benefit of using microwaves is that at those frequencies the
attenuation of the atmosphere is negligible (Figure 2.8), in other words, the atmosphere
is transparent to microwave radiation. The selection of the operating wavelength is
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mainly determined by the application (e.g. appearance of vegetation, soil or water
surfaces vary depending on the wavelength). Wavelength affects the returned power
(Equation 2.6), the dielectric response (Equation 2.2), the penetration depth (Equation
2.7) and the definition of surface roughness (see section 2.2.4.1). Common microwave
radar bands are shown in Table 2.1.
Figure 2.8: Electromagnetic transmittance or opacity of the Earth’s atmo-
sphere. Image from (77).
Radar Frequency Band Wavelength (cm) Frequency Range (MHz)
P 136 - 77 220 - 390
L 30 - 15 1.000 - 2.000
S 15 - 7,5 2.000 - 4.000
C 7,5 - 3,75 4.000 - 8.000
X 3,75 - 2,40 8.000 - 12.500
Ku 2,40 - 1,67 12.500 - 18.000
K 1,67 - 1,18 18.000 - 26.500
Ka 1,18 - 0,75 26.500 - 40.000
Table 2.1: Frequency Bands of typical remote sensing radars.
2.2.3.3 Polarization
Typically SAR uses vertical or horizontal linearly polarized microwave radiation. The
configuration of emitting and receiving polarization is known as the polarization scheme
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of the system. In table 2.2 the possible configurations are shown. Generally like-
polarized schemes provide a stronger received signal and with better signal to noise
ratio than cross-polarized schemes (Figure 2.9.a). That is due to the fact that in a
cross-polarized configuration only the part of the transmitted signal that is depolarized
can be recorded. HH polarization schemes provides a stronger returned signal if the
target have a strong horizontal component and vice versa. On the other hand, cross-
polarized schemes usually give more information about randomly oriented surfaces such
as vegetation volumes (Figure 2.9.b).
Like-Polarized
HH Horizontal Transmit; Horizontal Receive
VV Vertical Transmit; Vertical Receive
Cross-Polarized
HV Horizontal Transmit; Vertical Receive
VH Vertical Transmit; Horizontal Receive
Table 2.2: Common linear polarization schemes used in SAR remote sensing.
Figure 2.9: L-band SAR images from FINSAR campaign. a) Acquired using HH
polarization scheme. b) Acquired using HV polarization scheme.
2.2.3.4 Resolution
Resolution is a key parameter in SAR and its understanding is essential for proper in-
terpretation of SAR images. Resolution provides information about the size of the area
responsible of a radar reflection (resolution cell) and defines the minimum separation
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between two targets to distinguish one from the other. The range of resolutions of a
particular SAR system determines its feasibility for a particular application. In SAR
resolution is defined in to directions: perpendicular to the flight path (range resolution)
and parallel to the flight path (azimuth resolution) (Figure 2.10).
Figure 2.10: SAR system resolution.
Range resolution is directly related to the length of the transmitted pulse τ . The
shorter the pulse length, the finer the range resolution of the system. However, the
pulse length can not be reduced indefinitely because that also implies decreasing the
total energy illuminating the target and therefore that the returned signal would be too
weak to be captured. There are two main definitions for resolutions in range direction:
slant-range resolution and ground-range resolution. Slant-range resolution is constant
across the range and is defined as
rSR =
cτ
2
(2.9)
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where c is the speed of light. More relevant than slant-range resolution is ground-range
resolution which is not constant across the range and its equation is
rGR =
cτ
2 sin(θ)
=
cτ
2 cos(β)
(2.10)
where θ is the look angle and β is the depression angle. It is important to notice the
dependence with the look angle. Points closer to the flight path (near range) have
worse resolution that points further from the flight path (far range) (Figure 2.11). The
selection of the look angle is critical to determine the difference between resolutions at
far and near ranges.
Figure 2.11: Radar range geometry. Image from (26)
On the other hand, azimuth resolution in SAR is directly related to the physical
length of the radar antenna l and its equation is
rA =
l
2
(2.11)
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Observe that rA is improved with smaller antennas and is independent of range distance,
sensor altitude, look angle and wavelength. However, reducing indefinitely the length of
the antenna to improve resolution is not possible due to two main limitations. The first
one is that smaller antennas has lower gain which means poorer signal to noise ratio.
The second limitation is given by the fact that SAR transmits a series of frequency
modulated (FM) pulses instead of a continuous signal. The pulse repetition frequency
(PRF) must be high enough to make sure that the Doppler spectrum is sufficiently
well sampled in order to do the processing (Figure 2.12). The used criteria is that the
transmitter must send at least a pulse each time the antenna moves half its length (67).
This is equivalent to
PRF >
v
l/2
(2.12)
Figure 2.12: Pulse transmission in SAR. Adapted from the image available at (8).
Therefore, if the antenna length is decreased resolution is improved but high power
transmitters are needed and the radar must pulse faster.
2.2.4 Target parameters
In addition to SAR parameters, there are three main target parameters that need to be
considered in order to understand SAR imaging: surface roughness, dielectric constant
and local incident angle.
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2.2.4.1 Surface roughness
The roughness of a target determines its interaction with incident EM waves. A surface
is considered rough or smooth depending on the wavelength of the incident radiation.
If λ  surfaceroughness then the surface is considered smooth and behaves like a
specular reflector governed by Snell’s law, that is, the angle of reflection is equal to the
angle of incidence (Figure 2.13.a). On the other hand, if emphλ surfaceroughness
the surface is considered diffuse and the incident energy is reflected isotropically, that
is, equally in all directions (Figure 2.13.d). Between those extreme cases both specular
reflection and diffusion are present (Figure 2.13.b and 2.13.c). As a surface gets rougher,
the reflected energy becomes more diffuse and less governed by Snell’s law and vice
versa. To determine when a surface starts to behave diffusely the Rayleigh criterion is
used. Rayleigh stated that a surface is smooth if
h <
λ
8 cos(θ)
(2.13)
where h is the Root Mean Square (RMS) height of the surface and θ is the incident
angle of the EM wave. Only rough surfaces causes backscatters that can be measured
and recorded by the radar.
Figure 2.13: Specular reflection and diffuse scattering. Specular reflection and
diffuse scattering from smooth (a) and rough (b, c, d) surfaces. Adapted from the image
available at (26).
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2.2.4.2 Dielectric constant
Dielectric constant affects the absorption and propagation of electromagnetic waves
and consequently the interaction of electromagnetic radiation with the target surface.
Complex dielectric constant is frequency dependant (Equation 2.2) and basically affects
two parameters of a target: the reflectivity, which is the fraction of incident radiation
reflected by the surface, and the penetration depth.
At radar frequencies, the complex dielectric constant of most natural materials,
when dry, is between 3 and 8. For such values, the penetration depth is fairly large and
the reflectivity small. On the other hand, for water the dielectric constant is around
80 (for the same frequencies) which results in high reflectivity from the surface and
almost no penetration. The complex dielectric constant for a material varies almost
linearly with the moisture content per unit of volume (Figure 2.14). The higher the
moisture content, the lesser the penetration depth and the greater the reflectivity. The
observed variation in reflectivity from natural surfaces is mainly due to its moisture
content. Thus an analysis of the returns for a specific region allows for example the
classification of the type of soil or vegetation being imaged.
Figure 2.14: Soil permittivity variation due to water content and frequency.
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As mentioned, the dielectric constant depends on the frequency of the EM wave.
The higher the frequency (or the lower the wavelength), the lesser the penetration is.
For instance, using a high frequency for imaging a forest will result in surface scatter
from the top of the vegetation canopy while a lower frequency would allow the EM
waves to penetrate the canopy, producing volume scattering from the leaves, branches,
trunks or ground.
2.2.4.3 Local incident angle
The local incident angle is defined as the angle between the radar line-of-sight to certain
point on the target under study and the normal to the tangent plane at that point
(Figure 2.7). This parameter has two main effects on the SAR image. On the one
hand, the brightness of the point strongly depends on the local incident angle. For
instance if the slope of a mountain is perpendicular to the radar beam, the energy
reflected back to the radar will be greater that in the case of a flat land. On the other
hand, several geometric distortions can appear on the image due to the local incident
angle or slope of a point. These distortions will be reviewed in detail in the section
2.2.6.2.
2.2.5 SAR processing
The signal energy retrieved from a point target is spread in range by the duration of
the transmitted pulse and in azimuth by the length of the synthetic aperture. SAR
processing is a two-dimensional problem in which that disperse energy has to be focused
into a single pixel in the output image (Figure 2.15). Thus, the purpose of the SAR
processor is to produce a focused image by operating on the signals recorded by the
radar. There are several SAR processing algorithms but the most representative and
commonly used is the Range/Doppler algorithm (RDA).
2.2.5.1 Range/Doppler algorithm
As a point target passes through the azimuth antenna beam, the distance to a target
changes causing a phase variation in the received signal as a function of azimuth. This
phase variation over the synthetic aperture corresponds to the Doppler bandwidth of
the system and allows the signal to be compressed in the azimuth direction. However,
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Figure 2.15: SAR focusing in range and azimuth. Image from (9).
nearly all objects illuminated by the antenna have an angular orientation with respect
to the radar that is different from the antenna boresight pointing angle. That means
that the signal data from a scatterer has larger delays and appears at larger ranges for
azimuth positions away from the azimuth of zero-Doppler (Figure 2.16). This effect is
named range (cell) migration and must be corrected before azimuth compression can
occur. The Range/Doppler algorithm performs this correction very efficiently.
Figure 2.16: Equal Doppler and range lines in SAR imaging. Image from (9).
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RDA has 4 main steps: range compression, azimuth Fast Fourier Transform (FFT),
Range Cell Migration Correction (RCMC) and azimuth compression (Figure 2.17).
Figure 2.17: Range Doppler algorithm block diagram.
• Range compression: Range compression is performed by applying FFT and a
matched filter to each range line. Radar transmits linear FM pulses which have
the property that when filtered with a matched filter, the result is a narrow pulse
in which all the pulse energy has been collected to the peak value. After the
matched filtering, an inverse FFT (IFFT) is applied to each line to get the range
compressed data. For last, the range compressed data is multiplied by a vector
that corrects effects on the amplitude caused by the elevation beam pattern and
range spreading loss.
• Azimuth FFT: at this step of the RDA, a FFT is performed in the azimuth
direction on each range line to transform the data into the range Doppler domain.
• RCMC: at this step the main objective is to correct the range migration effect
stated above. This effect depends on the zero-Doppler range and on the angle from
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the radar to the target relative to the zero-Doppler direction. Targets at the same
zero-Doppler range pass through the antenna beam traversing the same interval
of angles so they have the same variation in range from the radar. Accordingly,
the trajectories of the signals from those targets have the same shape but are
displaced in azimuth (Figure 2.18.a). Because of the relationship between the
radar-to-target angle and Doppler frequency, the range migration of all targets at
the same zero-Doppler range can be expressed as a function of Doppler frequency.
This allows RCMC to be performed very efficiently in the range-Doppler domain
(Figure 2.18.b). The shift in range needed to align the signal trajectory in a single
range bin is determined independently for each azimuth frequency bin. Then the
shift is implemented by an interpolation in the range direction.
• Azimuth compression: the last step consists of a matched filtering of the az-
imuth signal, performed efficiently using FFT. Note that at this point the azimuth
FFT has already been performed. The frequency response of the matched filter
is precomputed using geometry parameters and range. The data is divided into
range invariance regions and the same matched filter is applied over a range in-
terval. In addition, an amplitude weighting is performed to control sidelobes in
the azimuth impulse response. For last, an IFFT is applied to each azimuth line
and a focused SAR image is obtained as a result.
Figure 2.18: Three typical SAR reflected signals. a) In the signal domain. b) In
the frequency domain. Adapted from the image available at (26).
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2.2.6 Image distortions
Due to the side-looking geometry and to the fact that radar is fundamentally a distance
measuring device, some geometric distortions appear on SAR images. There are two
main types of these distortions: slant-range scale distortions and relief displacement
distortions.
2.2.6.1 Slant-range scale distortion
Slant-range scale distortion occurs since the radar is measuring the distance to targets
in range from the radar rather than the true horizontal distance along the ground. This
results in a varying image scale moving from near to far range. As it can be appreciated
in (Figure 2.11), targets in the near range appear compressed relative to the far range.
Given the geometry of Figure 2.19 and applying basic trigonometrical relationships,
ground-range distance can be calculated as
GR =
√
R2 −H2 (2.14)
where R is the slant-range distance and H the platform altitude. The ground range
distance between 2 objects may also be calculated as
Gr = H(cot(β2)− cot(β1)) (2.15)
where β1 and β2 are the depression angles at the points under study.
Figure 2.19: SAR range geometry. Adapted from the image available at (26).
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2.2.6.2 Relief displacement distortions
The term relief displacement refers to geometric distortions typically associated with
tall objects (such as mountains) which get displaced towards the sensor due to their
geometry relative to the radar. This displacement is one-dimensional and occurs per-
pendicular to the flight path. Foreshortening, layover and shadowing are three conse-
quences which result from relief displacement. The appearance of this distortions in
SAR images is shown in Figure 2.20.
Figure 2.20: SAR image presenting relief displacement distortions. Image from
(51).
• Foreshortening: in SAR the slant range distance determines the sequence in
which targets are displayed and the period of time during which a target is illu-
minated determines its length on the SAR image. This phenomenon is referred to
as foreshortening and results in the shortening of terrain slopes on radar images.
This effect is illustrated in Figure 2.21.a.
• Layover: this distortion occurs when the radar beam reaches the top of an object
before it reaches the base. In that case the return signal from the top will be
received before the signal from the bottom. As a result, the top of the object is
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displaced towards the radar from its true position on the ground and ”lays over”
the base of the feature (Figure 2.21.b). Layover effects are more severe for small
incidence angles, at the near range and in mountainous terrain.
• Shadowing: due to the fact that the radar beam is at an angle, there will be
a region of the ground surface behind vertical structures (e.g. mountains) that
the beam cannot reach. Since the radar beam does not illuminate the surface,
shadowed regions will appear dark on an image as no energy is backscattered. In
addition, shadow effects are more notable in far range than in near range because
the greater incidence angles (Figure 2.21.c).
2.2.7 Speckle
When a surface is illuminated by a radar EM wave, according to diffraction theory, each
point on the illuminated surface acts as a source of secondary spherical waves. Thus,
the returned field is the result of the interference of many waves of the same frequency in
phase and out of phase. If the surface is rough enough to create path-length differences
greater than one wavelength (phase changes greater than 2pi), the amplitude and hence
the intensity of the retrieved signal varies randomly. This variation in the intensity of
backscatters is known as speckle and gives a grainy appearance to radar images (Figure
2.22.
Speckle can be minimized by multi-look filtering or alternately by applying adap-
tive filters. Applying speckle filters enhances radiometric resolution at the expense of
spatial resolution. Although speckle is generally considered an undesired effect, a good
interpreter can use its presence or absence as a clue in identifying many terrain features
such as land cover types or rock types.
2.2.8 Geocoding
Geocoding refers to the coordinate transformation of a SAR image from the SAR co-
ordinates (range, azimuth, height) to coordinates in a convenient geodetic reference
system such as the World Geodetic System 84 (WGS-84) and projection such as Uni-
versal Transverse Mercator (UTM). As introduced in section 2.2.6, SAR side looking
geometry entails several geometrical distortions such as foreshortening or layover. These
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Figure 2.21: Relief displacement distortions in SAR images. a) Foreshortening,
where the slope facing the radar is compressed to segment A′ − B′ while the backslope is
extended to segment B′−C ′. b) Layover, an extreme case of foreshortening where the top
of the mountain (B′) is imaged before the bottom (A′). c) Shadowing, where the backslope
of the mountain (B′−D′) is not illuminated by the radar, and no data is acquired. Image
from (9).
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Figure 2.22: L-band SAR amplitude image over forest and agricultural lands
in southern Finland.
effects can be corrected with the help of a DEM during the geocoding process. This
process implies numerous pixel operations such as pixel averaging that may cause the
loss or distortion of the phase information. For that reason, geocoding is usually the
last step of any SAR processing.
According to (58), three approaches can be applied to geocode SAR images:
• Rigorous Range Doppler Approach: in order to determine the position in
the output image (northing, easting, height coordinates) of the pixels on the SAR
image (azimuth, range coordinates), this approach performs a complex process
in which the relationship between the sensor, each single backscatter element
and their relative velocities is calculated. For that, it carries out a complete
reconstruction of the imaging and processing procedures by considering the illu-
minating geometry, the processor characteristics, the geometric distortions and
even the influence of Earth rotation and terrain height.
• Three-dimensional (3D) Interpolative Approach: in this approach a grid
of points (easting, northing, height) is generated and the corresponding pixel co-
ordinates (azimuth, range) of the input image are determined using the rigorous
Range-Doppler approach. Then starting from the azimuth and range coordinates
at a reference elevation, correction terms in azimuth and range are interpolated
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using the individual height values from the DEM. The main purpose of the in-
terpolative approach is to reduce the computing time for generating a terrain
corrected geocoded product.
• Interpolative Ellipsoid Correction: variation of the 3D interpolation ap-
proach in which a net of points is transformed by applying the rigorous range-
Doppler-approach.
Common to all cases is the backward geocoding, that is, the output (DEM) is the
starting point. In Figure 2.23 is shown a TSX image in slant range coordinates and its
geocoded version in the UTM coordinates system.
Figure 2.23: TSX SAR image. a) Slant range geometry. b) UTM geographical coor-
dinates.
2.3 SAR Polarimetry (PolSAR)
SAR polarimetry is a technique that uses the existing relationship between the po-
larization of the incident EM wave on a target and the polarization of the scattered
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wave returned from it in order to extract physical parameters and characteristics of the
illuminated object or scene. As mentioned early in this chapter, SAR typically uses
vertically or horizontally polarized microwave radiation.
2.3.1 The scattering matrix
The scattering matrix mathematically relates the EM wave incident on a target with
the EM wave scattered from it. From this matrix the scattering characteristics of the
illuminated scene can be extracted.
Supposing that the incident ~Ei and the scattered ~Es electric fields on a target are
determined by the following equations
~Ei = Eihuˆhi + E
i
vuˆvi (2.16)
~Es = Eshuˆhs + E
s
vuˆvs (2.17)
where the phase is not considered and uˆh and uˆv are unit vectors perpendicular to each
other and to the propagation direction and given these fields in matrix notation
~Ei =
[
Eiv
Eih
]
(2.18)
~Es =
[
Esv
Esh
]
(2.19)
the relationship between the incident and the reflected electric fields is
~Es =
e−jkR
R
· S · ~Ei (2.20)
where R is the range distance between the antenna and the target, k is the wavenumber
and S is the scattering matrix. The R−1 term represents the spherical nature of the
EM wave and quantifies the attenuation in the propagation direction. On the other
hand, the exponential term represents the delay between the target and the radar.
The scattering matrix is defined as
S =
[
Shh Shv
Svh Svv
]
(2.21)
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where each term Srt is a complex number representing the relationship between the
transmitted field with polarization t and the received field with polarization r. For
instance, Svh represents the complex relationship between the horizontally polarized
transmitted field and the vertically polarized received field.
Once defined the scattering matrix, Equation 2.20 will be as follows
[
Esv
Esh
]
=
e−jkR
R
·
[
Shh Shv
Svh Svv
]
·
[
Eiv
Eih
]
(2.22)
It is also common to represent the scattering matrix as vector named scattering
vector
ks =

Shh
Shv
Svh
Svv
 (2.23)
This is needed for second order statistics calculation.
2.4 SAR Interferometry (InSAR)
This section provides an overview of SAR interferometry, which is the main technique
applied in this work. First the principles and main concepts of interferometry are
introduced and after that, the focus shifts to the generation of Digital Elevation Models
(DEMs) through SAR interferometry.
2.4.1 Overview of InSAR
SAR interferometry is a powerful and well-established remote sensing technique in
which additional information from a scene is extracted from SAR complex images ac-
quired by antennas at different positions or at different times. It was first demonstrated
in 1974 by L.C. Graham (21), who obtained a pattern of nulls or interference fringes by
vectorally adding the signals received from two airborne SAR antennas, one physically
situated above the other.
The type of additional information that can be extracted with InSAR depends
on the implementation of the system. If two SAR images are acquired from slightly
different viewing geometries, information about the topography of the surface can be
obtained. On the other hand, if the images are taken at slightly different times a map
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of surface velocities can be produced. Finally, if sets of interferometric images are
combined, subtle changes in the illuminated scene can be detected.
There are two basic implementations for SAR interferometry: single-pass or multi-
pass.
• Single-pass: in single-pass SAR interferometry two antennas are mounted on an
aircraft or a spacecraft in the same along-track position but displaced such that,
seen from the target, one antenna is mounted above the other (Figure 2.24.a).
Both antennas illuminate the same target area acquiring data simultaneously.
With this configuration, the data needed for building the interferometric image
is obtained in just one pass over the target area.
• Multi-pass: in multi-pass or repeat-pass SAR interferometry a single antenna
is mounted on an aircraft or a spacecraft and the measurements are made in
different passes over the target area (Figure 2.24.b). With this configuration, two
passes over the target area are needed for building the interferometric image.
Figure 2.24: Single and repeat-pass interferometry. Schemes of single (a) and
repeat pass interferometry (b). Image from (9).
There are two important concepts in SAR interferometry that must be presented:
spatial baseline and temporal baseline.
• Temporal baseline: the temporal baseline is the time interval between two
SAR acquisitions of the same area. In a pure temporal baseline situation a target
area is imaged from exactly identical acquisition tracks at different times. The
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fundamental principle is that with identical data acquisition situations the inter-
ferometric difference will be related to changes in the observed area. In single-pass
configurations, the temporal baseline is determined by the distance between an-
tennas and the speed of the moving platform and in multi-pass configurations the
temporal baseline is determined by the time difference between passes over the
target area.
• Spatial baseline: the spatial baseline is the distance between one acquisition
track to the other (Figure 2.24). In a pure spatial baseline situation, the same
target area is imaged from two different SAR tracks simultaneously (single-pass).
The basic measurement is the estimate of the target height from the known plat-
form positions and the ranges measured from the SAR antennas to the target.
Thus spatial baseline provides terrain topographic information and allows the
generation of DEMs.
2.4.2 Complex interferometric coherence
The complex interferometric coherence or simply the coherence between two complex
SAR images s1 and s2 corresponds to the cross-correlation between them and is defined
as
γ = E[s1 · s∗2] (2.24)
where E[.] means the expected value (that in practice will be approximated as a
sampled average) and asterisk * denotes the complex conjugate. It is common to use
the normalized version of this parameter that is
γ =
E[s1 · s∗2]√
E[|s21|]E[|s22|]
(2.25)
The modulus of the normalized complex interferometric coherence |γ|, commonly
known as interferometric coherence, provides information about the quality of the in-
terferogram and its value is between 0 and 1. In turn, the phase of the complex
interferometric coherence or interferometric phase φ = arg(γ) gives information about
the path difference between the different antenna positions and the target.
Finally it is necessary to define two important concepts. On the one hand, an
interferogram is defined as a 2D image where each pixel represents the interferometric
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phase in each resolution cell of the imaged scene (Figure 2.25.b). On the other hand, the
coherence map is defined as a 2D image whose pixels corresponds to the interferometric
coherence value (modulus) of each resolution cell of the imaged scene (Figure 2.25.a).
Figure 2.25: Coherence map and interferogram generated from two TanDEM-X
SAR images over southern Finland. a)Coherence map. b) Interferogram.
2.4.3 Co-registration
Before generating the interferogram, a very accurate (sub-pixel) co-registration of the
focused SAR images is required. The reason is that the different geometry of the SAR
acquisitions generate translational shifts and rotational and scale differences between
the images. In consequence, that incorrect alignment of the images reduces the coher-
ence of the final interferogram and leads to inaccurate phase information. The process
of aligning two (or more) SAR images of the same area acquired in the same mode is
called co-registration. During this process, one of the SAR images is assigned as the
master (reference) image and the other one as the slave (match) image. Through the
whole co-registration process, only the slave image will be transformed. Generally, the
co-registration process is performed in two steps: a coarse or rough registration and a
fine or precise registration.
In the first step, coarse registration, the offsets are approximated either by defining
common points in the image by visual inspection or by using track parameters. The
considered transformations and re-sampling is applied to one of the images so that the
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two images are registered at the pixel level. The co-registration accuracy at this step
is usually up to one or two pixels.
In the second step, fine registration, the desired accuracy of the registration is on a
sub-pixel level. Generally 1/10 pixel accuracy has become widely accepted for fine co-
registration (25, 31, 59). Conventional techniques for precise co-registration are based
on maximizing the cross correlation between the amplitude images (36, 37). The major
drawbacks of these techniques are that, since co-registration is based only on the energy
of the image rather than on its spatial structures, they are sensible to image geometry
distortions (e.g. layover) and to noise. A second type of techniques tries to offer a
solution to this problem by using the Fourier transform (FT) of the images (1, 61).
With these techniques the spatial distribution of the structures in the image is taken
into account since the spectral phase of an image preserves the location of the objects
(47).
2.4.4 InSAR for measuring topography
The measurement of topography is one of the most important InSAR applications.
The basic principles of height estimation can be explained using the geometry shown
in Figure 2.26. Applying the law of cosines on the triangle formed by the two antennas
and the point being imaged it follows that
(R+ dR)2 = R2 +B2 − 2BR cos(pi
2
− θ + α) (2.26)
where R is the slant range distance to the point being imaged from the reference
antenna, dR is the path length difference between the two antennas, B is the physical
interferometric baseline length, θ is the incident angle of the reference antenna to the
point being imaged, and α is the baseline tilt angle with respect to the horizontal.
From Equation 2.26 and assuming that R  B (common in most interferometers)
the path length difference dR can be obtained as
dR ≈ −B sin(θ − α) (2.27)
The SAR system does not measure directly the path length difference. Instead,
what it is measured is an interferometric phase difference that is related to the path
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Figure 2.26: InSAR Geometry. Adapted from the image available at (9).
length difference through
φ =
a2pi
λ
dR =
−a2pi
λ
B sin(θ − α) (2.28)
where a = 1 for the case in which signals are transmitted by one antenna and received
through both at the same time (single-pass) and a = 2 for the case in which the signal is
alternately transmitted and received through one of the two antennas only (multi-pass).
From Figure 2.26 it also follows that the elevation of the point being imaged is given
by
h = H −R cos(θ) (2.29)
with H denoting the height of the reference antenna above the reference plane with
respect to which elevations are quoted (ground level).
Finally combining Equations 2.28 and 2.29 the elevation of the target point as
function of measurable parameters and system parameters can be expressed as:
h = H −R cos(α− arcsin( λφ
a2piB
)) (2.30)
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2.4.4.1 Interferogram flattening
The radar swath is not infinitely narrow, that is, it has a certain width. As a conse-
quence the measured phase will vary across the antenna beamwidth causing the ap-
pearance of interferometric fringes parallel to the radar flight path even when imaging
flat surfaces (Figure 2.27.a). In the case in which there is topographical relief in the
imaged scene, those parallel lines are distorted by the presence of the relief as shown in
Figure 2.27.b. Subtracting the smooth Earth interference pattern (Figure 2.27).a from
the distorted pattern (Figure 2.27).b, the resulting interference pattern is known as the
flattened interferogram and is shown in Figure 2.27.c.
Figure 2.27: Topography of a scene expressed in form of the interferometric
phase. a) Interferogram if there is no topography (smooth earth contribution). b) Actual
interferogram (smooth earth + topography). c) Flattened Interferogram.
The presence of topography slightly modifies the incidence angle compared from
the value in the absence of topography. From the geometry shown in Figure 2.26 it
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follows that the change in the incidence angle introduced by the relief is
dθ =
h
R sin(θ0)
(2.31)
where θ0 is the incidence angle in the absence of relief for a given range.
From Equation 2.28 the phase of the pixel can be redefined as
φ =
a2pi
λ
B sin(θ0 + dθ − α) ≈ −a2pi
λ
B sin(θ0 − α)− a2pi
λ
B cos(θ0 − α)dθ (2.32)
The first term on the right in Equation 2.32 is the phase that would be measured
in the absence of relief, that is, the phase shown in Figure 2.27.a. If this interferomet-
ric phase pattern due to a smooth Earth is subtracted from the actual interferometric
phase, the resulting phase difference is the flattened interferogram. Combining Equa-
tion 2.28 and the second term of Equation 2.32, the flattened interferogram phase will
be
φFLAT = − a2pih
λR sin(θ0)
B cos(θ0 − α) = − a2piBnh
λR sin(θ0)
(2.33)
whereBn = B cos(θ0−α) is the baseline perpendicular to the line of sight. This equation
describes the sensitivity of the radar interferometer to small height differences.
Defining the effective vertical (interferometric) wavenumber as
kz =
a2piBn
λR sin(θ0)
(2.34)
the phase of the flattened interferogram will remain finally as
φflat = kzh (2.35)
Notice that kz depends only on the imaging geometry and the radar wavelength.
2.4.4.2 Phase unwrapping
The flattened interferogram provides an ambiguous measurement of the relative terrain
altitude due to the 2pi cyclic nature of the interferometric phase, in other words, the
SAR system only measures phases between 0 and 2pi (or between −pi and pi, depending
on the system). If the phase difference between two points reaches one of the lower
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or upper limits there will be a phase jump in the recorded phase to keep the value
between those two limits (Figure 2.28). Therefore, it is necessary to allocate this phase
shifts and to correct them by adding or subtracting the correct number of cycles. This
process is called phase unwrapping.
Figure 2.28: Phase unwrapping. Adapted from the image available at (8).
The earliest phase unwrapping routine was published by Goldstein et al. in 1988
(19). In this algorithm, areas in which the phase is discontinuous due to layover or
poor signal-to-noise ratio are identified by cut-lines, and the phase unwrapping routine
is implemented such those cut-lines are not crossed when unwrapping the phases. A
second class of phase unwrapping algorithms are based on a least-squares fitting of
the unwrapped solution to the gradients of the wrapped phase. This solution was first
introduced by Ghiglia and Romero in 1989 (17). The major difference between these
two classes of phase unwrapping algorithms lies in how errors are distributed in the
image after phase unwrapping. Cut-lines algorithms localize errors in the sense that
areas with low correlation are fenced off and the phase is not unwrapped in these areas,
leaving holes in the resulting topographic map. In the case of least-squares algorithms,
the unwrapping is the result of a global fit, resulting in unwrapping even in areas with
low correlation. The errors, however, are no longer localized but instead are distributed
through the image.
2.4.4.3 Absolute phase determination
Even after the phases have been unwrapped, the absolute phase is still not known and
only differs from the absolute phase by an integer number of cycles. This absolute
phase is required to produce a height map that is calibrated in the absolute sense,
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in other words, to produce an actual height map. One way to estimate this absolute
phase is to use ground control points with known elevations in the scene. However,
this human intervention severely limits the ease with which interferometry can be used
operationally. Madsen et al. reported in 1993 (42) a method by which the radar data
itself is used to estimate this absolute phase. The method breaks the radar bandwidth
up into upper and lower halves, and then uses the differential interferogram formed by
subtracting the upper-half spectrum interferogram from the lower-half spectrum inter-
ferogram to form an equivalent low-frequency interferometer to estimate the absolute
phase. Unfortunately, this algorithm is not robust enough in practice to fully automate
interferometric processing.
2.4.4.4 Critical baseline
It becomes from Equation 2.33 that the best sensitivity to elevation is achieved by
maximizing the electrical length of the interferometric baseline. In practice, however,
it is not possible to arbitrarily increase this length. If the baseline becomes so large
that the interferometric phase changes by more than 2pi across one single pixel, the re-
sulting interferogram will appear to have a random phase. The two main consequences
of this are the occurrence of the speckle effect introduced in section 2.2.7 in the inter-
ferogram and the impossibility of unwrapping the phase to reconstruct the elevation
profile. This situation will be even worse if the terrain slope is such that the surface
is tilted toward the radar. The baseline length for which the two SAR images become
completely decorrelated is known as the critical baseline Bcrit. For flat surfaces, this
can be expressed mathematically as (34, 57, 81)
Bcrit =
λR tan(θ)
rSR
(2.36)
where rSR is the previously presented slant range resolution (section 2.2.3.4).
2.4.4.5 Problems of repeat-pass interferometry
There are two main problems that limit the usefulness of repeat-track interferometry.
The first is due to the fact that the baseline of the repeat-track interferometer is not
known accurately enough to obtain accurate elevation information from the interfero-
gram.
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The second problem is due to differences in scattering and propagation that result
from the fact that the two images forming the interferogram are acquired at different
times. The radar signal from each pixel is the coherent sum (i.e., amplitude and
phase) of all the voltages from the individual scatterers contained in the radar pixel. If
the individual scatterers in each pixel move between observations, the observed radar
signal will change. The result is that the correlation between interferometric phases of
neighboring pixels is lost, and the phase cannot be unwrapped reliably. This is known
as temporal decorrelation, which is worst at the higher frequencies (81).
Moreover, in the case of spaceborne repeat-pass interferometry a further error source
is atmospheric disturbances like variations of the tropospheric water vapor or iono-
spheric propagation delays, which lead to spatially correlated phase shifts in the final
interferogram (24).
2.5 Polarimetric SAR Interferometry (Pol-InSAR)
Polarimetric SAR Interferometry refers to a combination of the explained techniques
polarimetry and interferometry. Polarimetry allows to know the scattering properties
of the target while interferometry provides information about the vertical structure of
the target. Therefore, combining these techniques makes possible to separate different
scattering centers distributed vertically. This technique enables the measurement of
bio- and geophysical parameters of the Earth’s surface such as topographical levels or
vegetation heights.
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Material
Throughout this chapter the test site location, the instruments and the data sets utilized
in this work are presented.
3.1 Test area
The area which serves as a test site for this thesis is located in southern Finland (60◦
11’ N, 24◦ 29’ E), in the vicinity of Helsinki. It is a heterogeneous forest area which
consists of small stands, alternating with fields and lakes. Forested areas are mostly
located on the top of small hills. The dominant tree species are Scots pine, Norway
spruce, birch, and alder. According to forest inventory information, the stem volume
is up to 250 m3/ha, with tree heights up to 30m. A 2012 satellite image from Google
maps is shown in Figure 3.1.
3.2 Airborne E-SAR X-band interferometric images
The FINSAR campaign was carried out in autumn 2003 in Finland by the Laboratory
of Space Technology, Helsinki University of Technology (TKK) (nowadays Department
of Radio Science and Engineering, Aalto University) and the German Aerospace Center
(Deutsches Zentrum fr Luft- und Raumfahrt; DLR). The test site was the described
on section 3.1. and the main instruments used were a synthetic aperture radar E-
SAR, operated by DLR, and a ranging scatterometer HUTSCAT, operated by TKK.
The German E-SAR collected from 3km altitude five L-band (1.3GHz) repeat pass
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Figure 3.1: 2012 Satellite image of the test area. Image from (20).
fully polarimetric images (5m, 10m, 12m and 0m baselines) and an X-band (9.6GHz)
single-pass single-polarization (VV) interferometric image pair.
From the FINSAR campaign, only the data related to X-band measurements is used
in this project. These files are the flattened interferogram, the vertical wavenumber
and UTM geographical information and they are stored in binary format using 16 bits
integers. In addition a text document with the all kind of acquisition information is
also provided.
3.3 TanDEM-X mission
TanDEM-X (TerraSAR-X add-on for Digital Elevation Measurement) is an innovative
spaceborne radar interferometer mission launched on June 2010 as an extension of
the TerraSAR-X mission. In it the satellites TSX and TDX are orbiting together in
a close formation at an altitude of about 500km, forming the first configurable SAR
interferometer in space (Figure 3.2).
TanDEM-X mission is carried out by a public-private partnership between the Ger-
man Federal Ministry of Education and Research (Bundesministerium fr Bildung und
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Figure 3.2: TanDEM-X and TerraSAR-X flying in formation. Image from (15).
Forschung; BMBF), the DLR and Astrium GmbH. Its main objective is to generate an
accurate three-dimensional image of Earth with homogeneous quality. The relevance
of the mission lies in that, until now, the available DEMs of large parts of Earth are of
low resolution, inconsistent, incomplete and commonly based on different data sources
and survey methods. Now for the first time, a global, high accuracy and homogeneous
DEM can be generated.
Besides the primary goal of the mission, several secondary mission objectives based
on along-track interferometry as well as new techniques with bistatic SAR have been
defined and represent an important and innovative part of the mission. (23)
3.3.1 TerraSAR-X
TSX is a German Earth-observation satellite launched on June 2007 that provides high-
quality SAR images for scientific and commercial applications. Its primary payload is
an advanced X-band radar satellite with a phased array antenna consisting of 384
transmit and receive modules. The antenna is fixed mounted to the spacecraft body
and spans an overall aperture size of 4.8x0.7m. The center frequency of the radar
instrument is 9.65GHz with a selectable range bandwidth of up to 300MHz. (64)
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The configuration possibilities are numerous. Different imaging modes such as
Stripmap (3m resolution, 30km swath width), ScanSAR (16m, 100km swath width), or
Spotlight (1m, 10km image size) can be combined with different polarization settings.
In addition, the TSX satellite has all the required features for the implementation of the
TanDEM-X mission. Examples are additional X-band horn antennas for intersatellite
phase synchronization, a dual-frequency GPS receiver for precise orbit determination
and PRF synchronization based on GPS as a common time reference.
3.3.2 TanDEM-X
TDX is a rebuild of TSX with minor modifications like an additional cold gas propulsion
system required for formation fine-tuning and an additional S-band receiver to enable
the reception of status and GPS position information broadcasted by TSX (30).
3.3.3 Interferometric data acquisition
Interferometric data acquisition with the TanDEM-X satellite formation can be achieved
in three different modes: bistatic, monostatic, and alternating bistatic (Figure 3.3).
The three interferometric modes can be further combined with the already mentioned
imaging modes (Stripmap, ScanSAR and Spotlight). The data received from DLR for
this project was acquired using stripmap and bistatic mode.
Figure 3.3: Data acquisition modes of TanDEM-X. a) Pursuit monostatic mode.
b) Bistatic mode. c) alternating bistatic mode. Image from (30).
In the bistatic mode (Figure 3.3.b) either TSX or TDX illuminates the Earth’s
surface and both receive and record the scattered signal simultaneously. This simul-
taneous data acquisition makes possible to avoid errors due to temporal decorrelation
and atmospheric disturbances. An essential requirement for radar interferometry is
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a sufficient overlap of the two recorded Doppler spectra. In bistatic mode, the two
Doppler spectra are mutually shifted, and the amount of this shift is linearly related to
the along-track displacement between TSX and TDX. The maximum along-track sep-
aration in bistatic stripmap mode should always stay below 1 km to ensure a sufficient
overlap of the Doppler spectra. In addition, PRF synchronization and relative phase
referencing between the two satellites are mandatory in the bistatic DEM generation
mode. (30)
3.3.4 TanDEM-X data set
The data set received from DLR is constituted of 8 experimental products with single-
pass multi-polarization (HH and VV) measurements carried out between August 2011
and January 2012 over the test site. Each of these products consists of two level 1b
products (one from TSX and the other one from TDX), WGS-84 geographical informa-
tion, acquisition information, preview images and some other files that lack of interest
for this project.
Each level 1b product include a co-registered single look slant range complex (CoSSCs)
image data file which is packed using the COmplex SAR (COSAR) file format. At the
same time, each COSAR file contains all focused complex SAR data of one beam in
a burst by burst order together with sample validity and position annotation. In the
case of this project the received products are stripmap images which consist only of one
burst. The complex SAR data samples are stored as 16bit/16bit complex floating point
numbers (IEEE norm 754-2008) in the same order as they are recorded by the SAR
instrument (near range sample first). The byte order is big-endian (most significant
byte (MSB) first). All annotation and filler values are stored as 32 bit integer (4 bytes).
In Figure 3.4 a scheme of the data structure is shown. (13)
3.4 Light Detection And Ranging (LIDAR) measurements
In addition to E-SAR and TanDEM-X data, LIDAR measurements of the canopy height
and terrain elevation over part of the FINSAR test site (Figure 3.5) are also used as
reference and auxiliary data. The laser scanning was performed by the Finnish Geodetic
Institute on July 2005 using a laser scanner Optech ALTM 3100 unit with 100kHz
PRF at 1km flight altitude. This provided a target point density of 3-4 pts/m2. The
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Figure 3.4: TanDEM-X COSAR file structure. Image from (13).
strip adjustment (matching adjacent flight strip data) was produced using TerraMatch
software. Ground hits were classified using TerraScan (2). A digital surface model
(DSM) relevant to treetops was obtained by taking the highest point within a 1m grid,
with missing points interpolated by Delaunay triangulation. The Canopy Height Model
(CHM) (Figure 3.5.b) was obtained by simply subtracting the ground DEM (Figure
3.5.a) from the corresponding treetop DSM. The crown DSM was calculated by means
of the first pulse echo while the DEM used the last pulse echo.
Figure 3.5: DEM and CHM of the test area. a) DEM. b) CHM.
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The accuracy of the obtained DEM was noted to be better than 20 cm for forested
terrain. The CHM had a -70 cm bias in the obtained tree heights and an root mean
square error of 0.5m. This means that LIDAR measurements are highly precise but it
is important to remark that they are very expensive to carry out and they cannot be
made above cloud cover or when fog, smoke, rain, or snow storms are present. The
data is geocoded using the UTM system.
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Methods
In this chapter all the processing steps that have been applied to the project data are
presented. First an overview will be given and after that the details of every step will
be explained. The main work environment and programming language used has been
MATLAB although a Java applet has been also developed.
4.1 Processing overview
The goal of this thesis is to compare the height information that can be extracted from
two different X-band SAR data sets, E-SAR and TanDEM-X, using LIDAR measure-
ments as high precision auxiliary reference data. Although three different data sets
are used, most of the effort in current thesis has been on preprocessing the recent
TanDEM-X mission data.
In order to accomplish the objective of the work two interferograms have to be gen-
erated, one from E-SAR data and another from TanDEM-X data. The phase of these
interferograms represents height variations in the phase domain, that is, with values
ranging between −pi and pi. In order to have actual height variations, the vertical
wavenumber for each data set must be calculated and Equation 2.35 applied. After
converting the scattering center height to metric height, a comparison with DEM and
CHM can be made. In order to compare the three data sets, E-SAR and TanDEM-X
data must be converted from slant range to a common coordinate system. The UTM
geographic coordinate system is used in this work as a common 2D coordinate system
for the data comparison as the laser data is already provided in this system. Using the
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geographical information available it is possible to ascertain the portion of terrain com-
mon to the three data sets and everything can be converted and represented together
in geographical coordinates. An scheme of the whole processing chain is presented in
Figure 4.1.
Figure 4.1: Processing steps for TanDEM-X, E-SAR and LIDAR data.
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4.2 E-SAR data processing
The required processing of E-SAR X-band data set is rather straightforward since DLR
provided interferograms in both slant and ground range in geographical coordinates
system. The processing steps of co-registration, interferogram generation and flattening
and vertical wavenumber calculation were already performed and the results were stored
in the supplied binary files.
The first task to carry out is reading into memory the flattened interferogram and
the vertical wavenumber files. This is done by using a MATLAB script that was
developed by members of the Radio Science and Engineering department of Aalto
University during earlier studies. This script uses MATLAB internal functions such as
fread() or fseek() to load a desired portion of the files. In this case the desired part is
the one containing the area under study.
Once the data is loaded, the next step consists of converting the phase variations
of the interferogram to actual height variations. This is achieved by applying Equation
2.35 to the flattened interferogram and the vertical wavenumber data.
4.3 Laser data processing
Laser measurement processing was carried out by Finnish Geodetic Institute. Digital
Elevation Model and Canopy Height Model were provided in UTM coordinates. The
provided binary files are loaded into memory using MATLAB functions. As the laser
measurements were performed just in a small area, DEM and CHM files are small and
fit easily into memory. The geographical UTM information consisting in the corner
coordinates and the pixel spacing in northing and easting directions can be also read
from those files.
4.4 TerraSAR-X and TanDEM-X data processing
The understanding and processing of the TanDEM-X mission data has been the main
work carried out for this thesis. This section describes all the steps performed in order
to obtain a height profile of the test site from the received TSX and TDX CoSSCs
products.
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4.4.1 Transformation of data from float16 to float32
The latest TSX and TDX CoSSCs use 2-byte precision floating point numbers for stor-
ing complex samples. This format is not widely supported by the main programming
languages including C, Java or even MATLAB. Furthermore, this data format has be-
gun to be used by DLR in its data recently so the main free remote sensing tools as
ESA’s NEST does not support it yet. Considering this, the first task to carry out is
to convert the data to a more common data format. The regarded options were 2-byte
integers or 4-byte floating point numbers. Although the required disk space is bigger,
in order to avoid the loss of precision the chosen option was the so called single preci-
sion floating point format (4 bytes). Following the IEEE-754-2008 norm and the data
structure specifications provided by DLR (briefly presented in section 3.3.4) a JAVA
applet is implemented in order to accomplish this transformation. Basically the de-
veloped program takes as an input the COSAR file, reads the headers and the invalid
sample markers, reads the 16-bit floating point values, transforms them to 32-bit float-
ing points numbers and creates as an output a binary file containing just the complex
samples in single precision format and the size information stored as 32-bit integers. In
Figure 4.2 a capture of the simple interface of the program is shown and in Figure 4.3
the output files of the program are represented.
Figure 4.2: Interface of the applet that transforms the half precision float
COSAR files to single precision binary files.
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Figure 4.3: Structure of the output files of the Java Applet.
4.4.2 Loading the data into MATLAB
The next step is loading the data into MATLAB. Considering that the SAR images
are too big to handle them as a single piece, just the area of interest of the image is
loaded into memory and processed. The implemented function receives as input the
interval of rows and columns that is going to be read. It is important to note that, as
the satellites store the samples as they record them, the direct representation of the
data is different depending if the acquisition was made in an ascending or a descending
pass of the satellite (Figure 4.4). In ascending pass images the direct representation of
the data looks like the provided previews and the actual map. However, in descending
pass data the image look rotated. In order to avoid confusions when selecting the part
of the image to read, internally the function transforms the received indexes when the
orbit direction is descending and rotates the image so that everything looks like in the
previews or in the map. The information about the orbit direction is read by another
MATLAB function from the also provided information xml file.
Finally, for post-processing steps it is very important to know clearly at this point
where in the image is the origin of range and azimuth as for descending pass the image
has been rotated 180◦. In ascending passes it is located in the lower left corner (Figure
4.5.a) and in descending passes it is located in the upper left corner of the image (Figure
4.5.b).
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Figure 4.4: Direct representation of two COSAR files. a) acquired during an
ascending pass. b) acquired during a descending pass.
Figure 4.5: SAR image reference axis. a) Acquired during an ascending pass. b)
Acquired during a descending pass.
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4.4.3 Interferogram generation
Once it is possible to read correctly the data, the interferogram of the test site is
generated. To do this, first a suitable experimental product is selected and the part of
the image containing the area of interest is loaded from each satellite COSAR file. The
selected product was acquired using VV polarization which is the same scheme used
in E-SAR data. The interferogram is generated by calculating the normalized complex
interferometric coherence (Equation 2.25) between the two images. As the last step,
the interferogram is filtered with a smoothing 2D (5x5) FIR filter in order to reduce
the noise and speckle. The interferometric coherence and phase of the resulting image
are shown in Figure 4.6.
Figure 4.6: Interferometric coherence and phase of the test site. a) Interferomet-
ric coherence. b) Interferometric phase.
4.4.4 Flat earth phase calculation and interferogram flattening
It becomes obvious from Figure 4.5.b that the interferometric phase is subjected to
the flat earth effect described in section 2.4.5.1. For obtaining valid height information
from the interferometric phase it is necessary to firstly remove this effect by calculating
the phase component due to flat earth and subtracting it from the interferogram. This
phase component can be easily calculated applying the formula introduced in (63) and
defined like
φflate =
2kBeffdR
R0 tan(θ0)
(4.1)
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to each resolution cell (pixel) of the image. In this equation k is the wavenumber, R0
the range distance to the nearest resolution cell, dR the difference between R0 and
the range distance of the resolution cell under consideration, θ0 the look angle to the
nearest pixel and Beff the perpendicular or effective baseline.
The required parameters can be directly read or calculated from image parameters
provided in the xml files together with the data. The look angle and the effective
baseline are read directly from the file. The wavenumber can be calculated reading
the central frequency of the radar from the file and applying Equation 2.5. Finally, for
calculating the range distances from each pixel to the radar it is necessary to interpolate
since the range times for only the first and last pixel of the image are given. First the
time values are converted to distance values by simply applying
R =
tc0
2
(4.2)
Knowing those two distance values and the number of pixels in a range line it is
simple to apply linear interpolation and obtain the values of the flat Earth phase for the
whole image (Figure 4.7.a). When subtracting the flat earth pattern from the distorted
interferogram (Figure 4.6.b) the flattened interferogram is obtained (Figure 4.7.b).
Figure 4.7: Flat Earth phase pattern for the test image and flattened interfer-
ogram. a) Earth pattern. b) Flattened interferogram. Scale is in radians.
4.4.5 Vertical wavenumber calculation
At this point the height variations at the study area are represented in the phase
domain, that is, the values range between −pi and pi. For going from phase variations to
58
4.4 TerraSAR-X and TanDEM-X data processing
actual height variations it is necessary to calculate the vertical wavenumber (Equation
2.34) introduced in section 2.4.5.1. All the needed parameters are obtained in the
previous stage except the look angle for each resolution cell. The procedure to obtain
this parameter is identical to the one for obtaining the range distances for the flat
earth pattern calculation, but now the values read from the xml file are the incidence
angle at the first and the last pixel of the image. The vertical wavenumber pattern
of the test image is shown in Figure 4.8.a and the result of transforming the flattened
interferogram from phase variations to actual height variations can be seen in Figure
4.8.b.
Figure 4.8: Vertical wavenumber and real height variations at the study area.
a) Vertical wavenumber. b) Real height variations (m).
4.4.6 Geolocating the images
The next step is to assign every SAR pixel with the correct coordinate on the ground.
The geolocation information for TanDEM-X images is given for just some pixels of the
image. The geodetic system WGS-84 is used (Figure 4.9). In order to use a regularly
spaced pixel grid, WGS-84 coordinates are projected to the UTM system utilizing a
public MATLAB function available at (48).
In order to have values for all the pixels in the image, the geolocation grid is
interpolated using the MATLAB function interp2().
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Figure 4.9: Geolocation grid, scene coordinates and COSAR image raster for
CoSSCs. Image from (13).
4.5 Area selection and image conversion
SAR data is ready to be transformed and represented together in geographical coordi-
nates but first it is necessary to select the part of the study area for which data from
E-SAR, LIDAR and TanDEM-X is available. Since the UTM coordinates of the three
images are known, it is straightforward to select the range of coordinates that match
in the three images. The pixel spacing in the resulting images is 2m.
The area of interest on E-SAR data and TDX is transformed to the UTM system.
In the case of E-SAR this is done by using two conversion tables that were provided
together with the SAR data. Each table is represented in UTM coordinates and each
cell of the table has an index value. In one table these indexes correspond to range
values on the SAR image and in the other to azimuth values. For carrying out the
transformation, first the part of the tables corresponding to the desired area is selected
and then, consulting the range and azimuth indexes, a new image is filled with the
corresponding values of the SAR image. This process is shown in Figure 4.10 and the
result in Figure 4.11.
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Figure 4.10: Procedure for transforming slant range E-SAR data into geo-
graphical coordinates.
Figure 4.11: E-SAR coherence image of the study area in geographical coordi-
nates.
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TanDEM-X data is transformed from slant range geometry to UTM by using the
coordinate values for each pixel previously obtained. The procedure is directly to read
the coordinates of each pixel and to place it in the right place in the resulting image.
The result is shown in Figure 4.12.a and as it can be appreciated there are holes in the
image because of the change of geometry. For visual purposes only the image holes can
be filled by interpolation (Figure 4.12.b). It is important to remember that the phase
information of interpolated pixels is not really measured and therefore it should not be
used in the analysis. However, visual inspection of the images is much easier when the
gaps in the image are filled up.
Figure 4.12: TanDEM-X coherence image of the study area in geographical
coordinates with and without interpolating the non existing values. a) Coherence
image in geographical coordinates. b) The same image interpolating the non existing values.
Laser data is already in geographical coordinates so selecting the appropriate part
of the image is enough (Figure 4.13).
For checking that all three data sets are correctly geocoded to UTM, a RGB com-
posite image is created with E-SAR data in the red channel, CHM in the green channel
and TDX data in the blue channel (Figure 4.14).
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Figure 4.13: Selected part of DEM and CHM. a) DEM. b) CHM.
Figure 4.14: Composite RGB image of the test area with E-SAR data in the
red channel, CHM in the green channel and TDX data in the blue channel.
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Chapter 5
Results and discussion
In this chapter are presented the main results of this work. The tree height estimation
comparison between TanDEM-X, E-SAR and LIDAR data is given by means of different
figures, graphics and numerical results. Moreover, the ability of TanDEM-X to produce
reliable canopy height information is analyzed and discussed.
5.1 Coherence analysis
In this section, coherence images generated from TanDEM-X and E-SAR data are
compared with each other and with the canopy height model. As it can be appreciated
in Figure 5.1, in the E-SAR image it is possible to distinguish between lakes, open areas
and forest areas more clearly than in the TanDEM-X coherence magnitude image. Lakes
present very low coherence and appear as black areas due to the very low backscattered
signal level caused by the specular reflection of the transmitted signals. Open areas
appear as bright areas due to the high coherence caused by the direct backscatter of
the transmitted signals. Forests appear gray and show some dynamics in brightness
because they present random variations in the coherence values due to the volume
decorrelation. Since TanDEM-X data has been acquired from a 514km space orbit,
it presents a smaller signal to noise ratio than E-SAR data. Probably, that makes
coherence values more similar and therefore the distinction between open and forest
areas is more difficult. These smaller dynamics of coherence values in TanDEM-X
images can be also caused by the different imaging conditions. As in this work only
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one TanDEM-X interferometric pair is used, the dynamics of coherence amplitude and
its causes are not further analysed.
Figure 5.1: CHM and coherence images from E-SAR and TanDEM-X at the
test area. a)CHM. b) E-SAR coherence. c) TanDEM-X coherence.
5.2 Interferometric phase center location
In this section, the interferometric phase and thus the elevation information in the
interferometric images is reviewed. In Figure 5.2 are shown the elevation maps gen-
erated from E-SAR (Figure 5.2.b) and TanDEM-X (Figure 5.2.c) data together with
the LIDAR generated DEM (Figure 5.2.a) of the area. When comparing the images it
can be observed that both interferograms give roughly similar estimation of the height
tendencies at the test area which compare well with the reference data. Notice that
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the color scales of the interferometric images are somewhat different because interfer-
ometry does not give absolute values of the elevation. An small exception is found on
E-SAR image (b), where near range part of the image (upper right part of the image)
is depressed. This effect is compensated in the later comparison.
Figure 5.2: DEM and height variation images from E-SAR and TanDEM-X at
the test area. a) DEM. b) E-SAR height variation image. c) TanDEM-X height variation
image. Scales are in meters.
In order to study the height variations in more detail, two different transect lines
are taken from each of the 3 images (TanDEM-X, E-SAR and DEM) and represented
in 2D plots were the y-axis represents the height and the x-axis represents the distance
on the ground. In Figures 5.3.a and 5.4.a are represented together a profile views of the
DEM (blue line) and the canopy height model (green line). In Figures 5.3.b and 5.4.b
the scattering phase elevation extracted from the E-SAR image is represented and as
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it can be appreciated the height tendency is followed very well. As it can be seen, the
SAR reflection seemingly comes from inside of the forest canopy or from the surface
of the ground. In (52) it was demonstrated that the interferometric scattering phase
center is located close to the 75% of the real height in forest areas. In Figures 5.3.c and
5.4.c the height variations extracted from TanDEM-X data are represented. It can be
observed that the phase center elevation line is much noisier than with E-SAR data.
This is probably because spaceborne SAR requires a very precise measurement of the
orbit and the acquisition parameters as well as of the received signal. Any small error
becomes significant due to the great distance to the target. The signal to noise ratio of
E-SAR airborne measurement appears to be much better that the signal to noise ratio
of the TandDEM-X measurement.
Figure 5.3: Height variations at the same transect track of the study area. a)
DEM (blue line) and CHM (green line). b) E-SAR data. c) TanDEM-X data. The y-axis
represents actual height (m) in plot a) and height variations (m) in plots b) and c ). The
x-axis represent the relative distance (m) on the ground.
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Figure 5.4: Height variations at a second transect track of the study area. a)
DEM (blue line) and CHM (green line). b) E-SAR data. c) TanDEM-X data. The y-axis
represents actual height (m) in plot a) and height variations (m) in plots b) and c ). The
x-axis represent the relative distance (m) on the ground.
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In order to obtain a quantitative measurement of the height estimation accuracy
that can be achieved with each of the used SAR data sets, the correlation between
phase center height and LIDAR measured elevation model is calculated. This was made
separately for forested areas and open areas. For open areas, SAR reflection comes from
the ground, and high correlation between elevation of SAR reflection and the accurate
ground elevation model can be expected. However, for forested areas the scattering
center locates inside the forest layer and correlation should be lower. Additionally
to this effect, it has to be taken into account that tree height model measured by
LIDAR was acquired several years before TandDEM-X measurements and some parts
of the forest may have changed significantly. Correlation analysis results are presented
in Table (Table 5.1). The 4 plots representing the scattering between LIDAR and
estimated height for E-SAR and TanDEM-X data and for ground and forest areas are
shown (Figures 5.5 - 5.8). In the case of E-SAR data, the DEM has been shifted to the
same range than the SAR data by using a fitting algorithm implemented in (52) that
also corrects the previously mentioned depression problem.
Figure 5.5: Relationship between E-SAR X-band interferometric height vari-
ations (m) using VV polarization (y-axis) and LIDAR height measurements
(m) in ground areas (x-axis). a) Scatter plot representing this relationship. b) 2D
histogram representing this relationship. Colors indicates the amount of samples in each
bin normalized by maximum amount of samples in one bin.
As it can be observed in Figure 5.5 and 5.6 and in Table 5.1, E-SAR data has
high correlation with the DEM, especially in non-forested areas. This indicates that in
open areas SAR reflection really comes from the ground and interferometric processing
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Figure 5.6: Relationship between E-SAR X-band interferometric height vari-
ations (m) using VV polarization (y-axis) and LIDAR height measurements
(m) in forest areas (x-axis). a) Scatter plot representing this relationship. b) 2D his-
togram representing this relationship. Colors indicates the amount of samples in each bin
normalized by maximum amount of samples in one bin.
Figure 5.7: Relationship between TanDEM-X X-band interferometric height
variations (m) using VV polarization (y-axis) and LIDAR height measurements
(m) in ground areas (x-axis). a) Scatter plot representing this relationship. b) 2D
histogram representing this relationship. Colors indicates the amount of samples in each
bin normalized by maximum amount of samples in one bin.
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Figure 5.8: Relationship between TanDEM-X X-band interferometric height
variations (m) using VV polarization (y-axis) and LIDAR height measurements
(m) in forest areas (x-axis). a) Scatter plot representing this relationship. b) 2D
histogram representing this relationship. Colors indicates the amount of samples in each
bin normalized by maximum amount of samples in one bin.
Correlation (%)
E-SAR TanDEM-X
Ground 92,82% 78,75%
Forest 81,29% 61,77%
Table 5.1: Correlation between SAR height estimations and LIDAR height data for
ground and forest areas.
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has been made succesfully. On the other hand, TanDEM-X data provides not as good
correlation as E-SAR due to the worse signal to noise ratio of the used images. How-
ever, the reasonably high correlation for open areas indicates that the interferometric
processing for TanDEM-X images has been made correctly and the reflection location
agreed with accurate ground elevation model. The correlation value gives also some
estimate of phase center elevation overall accuracy for TanDEM-X interferometric im-
ages. In forested areas there is still significant correlation, but it is lower than for open
areas. Partly this is caused by variable scattering center height in forest, but partly
it can be explained also by the time difference between the measurements (trees have
been grown higher in younger forests). These results show, that forest has clear ef-
fect on scattering center height in TanDEM-X images and therefore extraction of some
tree height information from TanDEM-X images should be possible, especially when
accurate ground model is available.
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Chapter 6
Conclusions
In this work, recent X-band interferometric SAR data retrieved in the south of Finland
by the satellites TerraSAR-X and TanDEM-X has been processed with the objective of
obtaining canopy height information. In order to evaluate the precision of the results,
they have been compared with forest height information obtained from X-band airborne
E-SAR data acquired during the FINSAR campaign (52, 53, 54). Precise LIDAR
measurements of the canopy height and terrain elevation over a test area have been
used as reference.
Because there is no SAR processing toolbox widely available that supports the
new TanDEM-X data format, the full preprocessing chain for this data was created.
TanDEM-X COSAR files were transformed from float16 complex samples to float32
complex samples files by implementing a Java applet. The data was loaded into MAT-
LAB and processed for generating the interferogram and the elevation map of the test
area from two different SAR images. A preliminary comparison of the obtained eleva-
tion model with reference data was made. Airborne E-SAR X-band data was loaded
into MATLAB and another elevation map of the same area has been also generated.
All the data was geocoded to the WGS-84 UTM coordinate system and compared to-
gether. The whole chain of processing was validated by intercomparing the results with
the reference and E-SAR data and checking that there was good agreement between
them.
The final elevation maps obtained from the three different data sets presented good
matching between each other, showing that TanDEM-X spaceborne SAR data can
provide some estimate of the canopy height at forested areas. The obtained accuracy
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was not nearly as good as that obtained with E-SAR airborne SAR data. Nevertheless,
we consider that the lower precision of spaceborne SAR with respect to airborne SAR
is compensated with its global coverage and its possibility of continuous monitoring.
It should be kept in mind that this study provide early results based on one pair of
spaceborne interferometric images. The analysis of a bigger amount of images can
improve the results.
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